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Abstract: The unique properties of optical waveguides electrically con-
trolled by means of graphene layers are investigated. We demonstrate that,
thanks to tunable losses induced by graphene layers, a careful design of sili-
con on silica ridge waveguides can be used to explore passive PT-symmetry
breaking in directional couplers. We prove that the exceptional point of
the system can be probed by varying the applied voltage and we thus
propose very compact photonic structures which can be exploited to con-
trol coupling between waveguides and to tailor discrete diffraction in arrays.
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1. Introduction
Graphene is a single layer of carbon atoms packed in a honeycomb lattice which has been
attracting increasing interest from the scientific community since 2010, when the Nobel Prize in
Physics was assigned to Novoselov and Geim for their groundbreaking experimental results [1].
Graphene is a special material which is characterized by exceptional properties. In particular
mobility of charge carriers is extremely high, thus it is expected that graphene can have an
important role for future evolution of high-speed electronics, likely by improving performance
of conventional silicon devices rather than by replacing them [2].
The optical properties of graphene display intriguing features over a very wide bandwidth
that covers the mid-infrared and the visible spectrum. Indeed, infrared plasmonic devices based
on graphene have already been proposed [3] whereas a plethora of applications at optical fre-
quencies, ranging from photovoltaics and light-emitting devices [4] to the realization of novel
components for communication systems [2, 5–9] have been reported, in spite of the small ab-
sorption which is typical of graphene layers under normal optical excitation.
In this context, deposition of graphene layers onto/into silicon waveguides which permit in-
teraction length to be increased appears to be a promising method to realize compact broadband
optical modulators [2,5–7]. These structures exploit a simple operation principle: graphene be-
haves as a loss element controlled by an electric voltage, which properly tunes the electric
Fermi level near the Dirac point of the conical dispersion relation [10]. In this way, graphene
conductivity can be switched from 0 to an universal frequency-independent value.
In this work we present numerical results which demonstrate the huge potential of graphene
as a mean to control coupling between optical waveguides. The possibility of tuning losses in
each waveguide by acting on a thin loss element permits symmetry of the system of coupled
waveguides to be broken without introducing a strong perturbation of the single waveguide.
Remarkably we demonstrate that tunable losses induced by graphene and a careful design of
ridge waveguides allows to probe passive PT-symmetry breaking in directional couplers [11–
13]. Moreover we prove that the exceptional point of the proposed structure can be dynamically
reached by varying the applied voltage. We will thus explore this property to mould energy
exchange between waveguides and to finely tune discrete diffraction in waveguide arrays.
2. Optimal control of losses in an optical waveguide
We considered the behavior of silicon waveguides on a silica substrate in a wavelength range
between 1350 and 1600 nm. The structure has been inspired by the modulator proposed in [2].
In particular, a layer of silicon with thickness equal to 50 nm is deposited onto the substrate.
The 400-nm-wide ridge waveguide is composed of a lower and a higher layer made of silicon
(both with thickness 200 nm) which sandwich a central region including three alternating layers
of alumina (thickness 7 nm) and two absorption layers composed of three graphene monolayers
with thickness 0.34 nm. Graphene can be electrically controlled in order to tune doping (and
then conductivity), as suggested in [2] and [6]. The dielectric constants of silicon, silica and
alumina were taken equal to 12.1, 2.1 and 3. Figure 1(a) displays a schematic view of the
structure.
The behavior of graphene in the optical regime has been numerically modeled by following
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(a) (b)
Fig. 1. (a) Schematic view of the waveguide structure, with a detail of the central region
with graphene layers. (b) Losses of the single waveguide (in dB/μm) when graphene is in
OFF state (null voltage), and x-component of the electric field of the TE-like mode (inset).
the approach suggested in [3]. Indeed, we assigned to each graphene monolayer with thickness
Δ a volume conductivity equal to σg,v = σ2D/Δ, where σ2D is the conductivity of the 2D sheet.
It was demonstrated that, as a first approximation, few-layer graphene is characterized by the
same band structure (and then by the same excellent electronic properties) of the monolayer,
and plus conductivity of N-layer graphene (N = 3 in our design) can be evaluated as N times
conductivity of the single layer if N is small enough [5].
Analytical studies and experimental results (see [10,14]) which provide the 2D conductivity
from microwaves to the optical regime as a function of the driving voltage have been reported
in the literature. All these works demonstrate that the optical conductivity of graphene is dom-
inated by the interband component, which can be tuned by acting on the control voltage. In
particular, the real part of graphene conductivity is close to zero below a well defined threshold
frequency corresponding to the onset of interband transitions, whereas over this abrupt thresh-
old conductivity recovers the universal value σ2D = πe2/2h [10]. The threshold frequency fth
is located around h fth = 2EF , where h is Planck’s constant and EF is the Fermi level, which
can be moved by acting on the applied voltage. This threshold shifts to larger frequencies with
increasing voltage, and few volts are sufficient to move it in the near-infrared.
We performed a modal analysis of the waveguide in Fig. 1(a) by resorting to finite-element
simulations. We focused the attention on the TE-like mode which is depicted in the inset of Fig.
1(b), since the electric field is tangential with respect to graphene layers. In the same figure we
report absorption of the TE-like mode when graphene layers are in OFF state (null voltage).
Of course, when graphene is in ON state (a control voltage is applied) losses are close to zero.
First, it is important to note that the real part of the effective index of the mode (not shown here)
is barely affected by state of the graphene layers. Then, we emphasize that when graphene is
in OFF state losses are quite large (0.48 dB/μm, which corresponds to 1100 cm−1) and almost
constant over the entire bandwidth: indeed, a 6-dB modulation contrast between ON and OFF
states can be achieved with a 12.5 μm-long waveguide. In the next paragraphs we will study
properties of coupled waveguides wherein the described structure is the basic building block.
3. Coupled-mode theory
Full-wave simulations of photonic devices including graphene layers are characterized by huge
computational burden. This effect is obviously emphasized when structures composed of multi-
ple waveguides must be analyzed, therefore conventional coupled-mode theory (CMT) [15,16]
has been reformulated to study our structure. Using full wave simulations, we first numerically
proved that neither profile of TE-like modes nor the propagation constant β of each isolated
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waveguide are affected by the status of graphene layers, whereas switching between ON and
OFF states has the effect of turning off and on losses in the single waveguide, which are mod-
eled by the attenuation constant α . Notice that modal evolution reads as exp(iβ z)exp(−αz).
Under these conditions it is possible to verify that the system of governing equations for A1,2,
which are the modal field amplitudes in the first and second waveguide of a directional coupler
composed of two identical graphene-based waveguides, can be approximated as
d
dz
[
A1
A2
]
= i
[ β + iα1 C
C∗ β + iα2
][
A1
A2
]
, (1)
where α1,2 can be tuned between 0 (ON state) and αmax (OFF state) by controlling the voltage
applied to the graphene layers, and C is a complex coupling coefficient [12].
When α1 = 0 and α2 = α the eigenvalues read as λ1,2 = β + i(α/2)±
√
|C|2 − (α/2)2, with
the so-called exceptional point (EP) for the onset of PT-symmetry breaking which is located at
the critical loss αc = 2C. When α < αc the two supermodes have different propagation con-
stants and the same attenuation constant α/2. Beyond the critical loss supermodes coalesce,
indeed they are characterized by equal propagation constant β and different losses. In particu-
lar, one supermode experiences increasing losses with increasing α , whereas the other one is
characterized by the opposite trend [11, 12]. When α is much larger than C, one supermode is
characterized by losses which are close to those of a single lossy waveguide, whereas the other
one tends to be loss-free (see next section).
4. Control of coupling between optical waveguides
We examined the behavior of the directional coupler which is obtained by placing two identical
graphene-based waveguides close to each other, separated by a 300-nm gap (see Fig. 2 on the
left). We performed a modal analysis at 1530 nm focusing the attention on the supermodes
which originate from interaction between TE-like modes of the single waveguides, and we
varied the state of the graphene layers. Numerical results in Fig. 2 illustrate in a qualitative way
how the behavior of the structure can be controlled by exploiting properties of graphene. In
particular, when graphene layers in both the waveguides are in the same state symmetry of the
structure is preserved, and the two modes (not shown here) are even and odd. Viceversa, Fig. 2
shows that when symmetry is broken by switching to the ON-OFF state the effect of losses on
the modal properties is huge, and a trend toward decoupling between the waveguides is visible.
The dispersive properties of the two modes have been characterized through full-wave and
CMT simulations, and these quantitative results confirm the intuitive analysis we have reported
above. Indeed, in Fig. 3(a) losses of the two supermodes are depicted when graphene layers are
in the ON-OFF state. In this case symmetry is broken, as a consequence one mode is character-
ized by absorption which is close to zero, whereas losses of the other one are large, very close
to those of a single lossy waveguide. It is worth noting that this effect tends to blur with increas-
ing wavelength due to the dependence of coupling coefficient on frequency (C gets larger with
increasing wavelength). A thorough treatment on phenomena arising from the wavelength de-
pendence of the PT-symmetry condition is reported in [13]. The noticeable agreement between
Fig. 2. Schematic view of the 300-nm-gap coupler (left), with the electric field of the low-
(center) and high-loss mode (right) at 1530 nm. Graphene layers are in ON-OFF states.
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(a) (b)
Fig. 3. (a) Losses of low- (red line) and high-loss mode (blue line) from mode solver (solid
line) and CMT (dashed-dotted line). (b) Normalized attenuation constant of low- (red line
with squares) and high-loss mode (blue line with circles) vs. normalized attenuation con-
stant of the single waveguide at λ = 1530 nm. The vertical thin line indicates α = αmax.
simulations performed by using a full-wave mode solver and results evaluated by using CMT
(in the latter case the imaginary part of λ1,2 is reported) allows to confirm the accuracy of CMT.
These phenomena stem from breaking of passive PT-symmetry in complex potentials. In-
deed, in Fig. 3(b) we plot the attenuation constants of the two supermodes, evaluated by using
CMT, as a function of the attenuation constant of the single waveguide α . Data are normalized
with respect to twice the coupling coefficient, so that we have the exceptional point when the
abscissa is equal to 1. The vertical dotted line indicates αmax, i.e. the value of α when our struc-
ture is in OFF state, and it is straightforward to see that we can work beyond the exceptional
point, in agreement with the results in Fig. 3(a). It is worth to emphasize that graphene-based
waveguides exhibit superior properties with respect to waveguides wherein losses are intro-
duced by depositing metal layers [12]. Losses induced by sandwiching graphene layers inside
silicon waveguides can be orders of magnitude larger (thousands of cm−1 with respect to tens of
cm−1), therefore it is possible to probe the exceptional point even in structures characterized by
strong coupling. Last, but not least, it is important to note that graphene is electrically tunable,
therefore losses in each single waveguide can be varied between 0 (ON state) and a maximum
value αmax determined only by geometry (OFF state).
We envisage that switching of the state of one waveguide can be exploited to finely tune
coupling between waveguides. In order to verify the effectiveness of this approach we applied
CMT to our reference structure at the wavelength of 1530 nm, and we show the results in
Fig. 4. When the coupler is in the ON-ON state losses are zero, and the predicted beat length
(a) (b)
Fig. 4. Field amplitude in (a) first and (b) second waveguide of the coupler. Graphene layers
are in ON-ON (black line), and ON-OFF (red line) states.
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(a) (b)
Fig. 5. Discrete diffraction along the array. (a) All the graphene layers are in ON state. (b)
Only graphene layers inside the central waveguide are in ON state.
LB = π/(βeven −βodd) is around 80 μm. Viceversa, when graphene layers are ON and OFF in
the input and output channel the two waveguides tend to decouple and field intensity in the first
waveguide is larger than in the second one. It is possible to justify this behavior by recalling that
when we inject light into the waveguide in ON state the low-loss supermode is mainly excited.
These results have been validated by comparison with simulations of the 80-μm long coupler
performed by using the commercial software CST Microwave Studio, which allows to solve
Maxwell’s equations in the time domain through the finite-integration technique. Indeed, the
ratio between output and injected power evaluated by using CMT is −3 and −12 dB if coupler
is in ON-OFF state and we consider as output port waveguides 1 and 2. CST simulations exhibit
a good agreement, in fact the corresponding calculated values are about −5 and −13 dB.
5. Control of discrete diffraction in optical waveguide arrays
The unique properties we have described in the previous paragraph open the way to novel possi-
bilities for controlling discrete diffraction in waveguide arrays [15,16]. Let us take for example
an array composed of 11 identical waveguides, with the same geometrical and optical parame-
ters we have used throughout the work, and the same spacing (300 nm) we have considered in
the case of the coupler. The structure is simulated by using CMT in order to reduce the com-
putational burden. The input excitation covers only the central waveguide, and the propagation
length is taken equal to the beat length of the coupler (80 μm). Moreover, we assume that state
of graphene layers in each waveguide can be controlled independently from each other.
In Fig. 5(a) we show the field inside the structure when all the graphene layers are in ON
state: the typical pattern of discrete diffraction is clearly visible, with two pronounced outer-
most wings [15, 16]. In Fig. 5(b) all the waveguides except the central one are switched to
the OFF state, and two phenomena can be clearly noticed. First, beam broadening is reduced
with respect to the previous case, and most of the optical energy remains concentrated into the
central waveguide. Then, losses are smaller with respect to the case of a single lossy waveguide.
6. Conclusion
We have presented properties of graphene-based coupled waveguides. In particular, we have
shown that tuning the state of graphene layers in each single waveguide allows energy exchange
between the two channels of a coupler and discrete diffraction in arrays to be controlled.
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